Plants are constantly exposed to a wide range of environmental genotoxic stress factors including obligatory exposure to UV radiation in sunlight. Here, we report the functional characterization of a DNA repair protein, AtPol, a homolog of mammalian DNA polymerase in Arabidopsis, in relation to its role in repair of UV-B-induced DNA damage during early stages of seedling development. The abundance of the AtPol transcript and the protein levels were distinctly increased in response to UV-B irradiation in 6-dayold wild-type seedlings. Growth of atpol mutant seedlings, deficient in AtPol expression, was more sensitive to UV-B radiation compared with wild-type plants when seeds were exposed to UV-B radiation before germination. The atpol mutants showed accumulation of relatively higher amounts of DNA lesions than wild-type plants following UV-B exposure and were less proficient in repair of UV-induced DNA damage. Increased accumulation of AtPol protein in UV-B-irradiated 6-day-old wild-type seedlings during the dark recovery period has indicated a possible role for the protein in repair of UV-B-induced lesions in the dark. Overexpression of AtPol in the atpol mutant line partially complemented the repair proficiency of UV-B-induced DNA damage. In vitro repair synthesis assays using whole-cell extracts from the wild-type and atpol mutant line have further demonstrated the role of AtPol in repair synthesis of UV-B-damaged DNA in the dark through an excision repair mechanism. Overall, our results have indicated the possible involvement of AtPol in a plant's response for repair of UV-B-mediated DNA damage during seedling development.
Introduction
Plants, because of their intrinsic immobility, are constantly exposed to various environmental factors and endogenous processes which frequently induce damage to DNA and cause genotoxic stress, which in turn reduces the stability of the plant genome, inhibits plant growth and development, and finally affects productivity (Tuteja et al. 2009 ). Therefore, in order to survive under frequent and extreme environmental stress conditions, plants have developed highly efficient and remarkable defense mechanisms to repair the damage to the genome in order to eliminate the chances of permanent genetic alterations and to maintain the genome stability for faithful transfer of genetic information over generations (Roy et al. 2009 ).
The products of UV-induced DNA damage, which mainly includes cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone dimers (6-4 photoproducts), may usually block DNA and RNA polymerases. Thus, repair of these DNA lesions is crucial for normal functioning and survival of plant cells (Britt 2002) . Plants have developed two major protective mechanisms to eliminate the adverse effect of UV radiation. One mechanism involves defense through the production of UV-absorbing compounds such as flavonoids and anthocyanins and reflection of solar UV radiation by epicuticular waxes and Plant Cell Physiol. 52(2): 448-467 (2011) doi:10.1093/pcp/pcr002, available online at www.pcp.oxfordjournals.org ! The Author 2011. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com cellular structures (Bornman et al. 1997 , Stapleton et al. 1997 . Moreover, previous studies have indicated the UV-B-absorbing capacity of trichomes due to formation of UV-B-absorbing compounds on leaf hairs. Trichome density on the leaf surface has been shown to affect UV-B sensitivity in plants (Liakoura et al. 1997) . The other UV-protective mechanism involves direct removal of UV-induced DNA lesions by the lightdependent or light-independent (dark repair) DNA repair pathways (Quaite et al. 1994 ). In the case of low frequencies of UV-induced DNA damage, the light-dependent photoreactivation repair (PR) pathway is recruited. This pathway directly reverts the damaged DNA back into its normal configuration by the action of enzymes called photolyases (Yasui and Eker 1998) . Although the PR pathway has been reported in various prokaryotic and eukaryotic cells including Escherichia coli, yeast and some species of plants and animals, this response is not universal and many species including humans do not possess this repair pathway (Todo 1999) . Conversely, the lightindependent or dark repair pathway, which involves removal of UV-induced DNA lesions by nucleotide excision repair (NER) mechanisms, has been demonstrated to be more widespread across the animal and plant kingdom. This process targets the damaged strand and removes 22-32 nucleotides including the damaged bases followed by gap-filling repair DNA synthesis and finally sealing of the nick (Maillard et al. 2008) . Most of the genes involved in the NER pathway have been identified in the Arabidopsis genome, indicating that this pathway is conserved (Arabidopsis Genome Initiative 2000) .
Like animals, the DNA polymerases (DNA Pols) are one of the major components of the DNA damage repair machinery in the plant genome. Among the various classes of DNA Pols known at present, family-X-DNA Pols are exclusively known for their function in DNA damage repair and recombination (Roy et al. 2009 ). Instead of a high degree of sequence similarity, the presumed functions of each member of family-X DNA Pols is variable. DNA Pol b has been the most extensively studied member of this family and has been shown to play a crucial role in the gap-filling DNA synthesis step in the short patch base excision repair (BER) pathway (Singhal et al. 1995) . In mammals, extracts from DNA Pol b-overexpressing cells were found to replicate past UV-induced photoproducts (Servant et al. 2002) . Moreover, recent studies have demonstrated the role of DNA Pol b in mammalian long patch BER for repair of UV-induced photoproducts adjacent to a strand break (Asagoshi et al. 2010) .
Mammalian DNA Pol , a recently identified member of family-X-DNA Pols, is a single polypeptide enzyme and shares a high degree of sequence homology with DNA Pol b (Garcia- Diaz et al. 2000) . Studies with extracts from mouse embryonic fibroblasts have indicated that mammalian DNA Pol possesses dRP lyase (5 0 deoxyribose phosphate lyase) activity in vitro, suggesting its function in BER (Garcia-Diaz et al. 2001) . In vitro observations have also indicated a role of DNA Pol in gap-filling DNA synthesis and double-strand break (DSB) repair by a non-homologous end joining (NHEJ) mechanism (Lee et al. 2004 , Ma et al. 2004 . However, in mammalian cells, no phenotype had been reported to be associated with cells deficient in this enzyme until the recent observation which has indicated that Pol null mouse fibroblasts are hypersensitive to oxidative DNA damaging agents, suggesting a role for this protein in the cellular response to oxidative DNA damage (Braithwaite et al. 2005) .
Previous studies have demonstrated the existence of a homolog of mammalian DNA Pol in rice (Uchiyama et al. 2004) and Arabidopsis (Garcia-Diaz et al. 2000) . In addition, genome-wide analyses in rice and Arabidopsis have suggested that DNA Pol could be the sole member of family-X-DNA Pols in higher plants since no Pol b-like sequence has been identified in higher plant genomes. Therefore, in plants, DNA Pol appears to substitute for the function of Pol b to play a key role in nuclear DNA damage repair and recombination. However, in plants, information about the biological function of DNA Pol in relation to its role in DNA damage repair is largely unknown.
In this article, we have made an attempt to study systematically the function of AtPol in repair of UV-B-induced DNA damage during early stages of seedling development in Arabidopsis thaliana. Here, we report that DNA Pol -deficient mutants in Arabidopsis are hypersensitive to UV-B irradiation. The atpol mutant lines showed a higher accumulation level of UV photoproducts (CPDs) and DSBs than wild-type plants. We have shown that AtPol overexpression partially complements the deficiency of atpol mutant lines in repair of UV-induced DNA damage. Furthermore, in vitro repair synthesis assays using cellular extracts from wild-type and atpol mutant seedlings have suggested the possible involvement of AtPol in NER synthesis in the dark for repair of UV-B-induced DNA damage.
Results
AtPolj shares structural similarity and an immunological relationship with mammalian DNA Pol b
Since AtPol appears to be the sole representative of family-X-DNA Pols in the plant genome and is proposed to substitute for DNA Pol b to carry out nuclear DNA damage repair, we looked into the structure-function similarity between AtPol and DNA Pol b. AtPol, encoded by a 1,590 bp open reading frame ($3.2 kb gene size), is a single polypeptide protein, comprising 529 amino acid residues with an estimated molecular mass of $58 kDa. Similar to human DNA Pol , AtPol is composed of two major domains, the N-terminal domain and the C-terminal highly conserved Pol X motif which is the active site for polymerase activity. The N-terminal part contains a nuclear localization signal (NLS), a BRCT (breast cancer susceptibility C-terminus) module, which acts as the site for protein-protein and protein-DNA interactions, and a Ser-Pro-rich domain which acts as a suppressor of DNA polymerase activity and a target site for post-translational modification. AtPol showed $39% identity and 57% similarity in amino acid sequence with human DNA Pol (Fig. 1A) . In addition, amino acid sequence alignment of human DNA Pol and AtPol showed a high degree of amino acid residue conservation at the Pol X domain ( Supplementary Fig. S1 ).
The C-terminal domain of AtPol showed remarkable similarity in size, structure and enzymatic composition to that of mammalian DNA Pol b, including the motif for dRP lyase activity (Fig. 1A) . The C-terminal domain of AtPol showed $34.4% identity and $68.8% similarity to the C-terminal amino acid residues of mammalian DNA Pol b. In both cases, the C-terminal motifs are organized in a typical finger-palmthumb-like configuration. Conversely, the N-terminal motifs of AtPol are absent in DNA Pol b.
Considering the appreciable level of similarity in amino acid sequence between mammalian DNA Pol b and AtPol, we next asked whether the two proteins share any immunological similarity. In addition to the structural similarity and the function of DNA Pol in damage repair, as indicated earlier, anti-rat DNA Pol b polyclonal antibody (affinity purified IgG) was found specifically to recognize AtPol both in the total protein extract and in the bacterially overexpressed Ni 2+ -NTA resin-purified fraction of recombinant AtPol at dilutions as high as 1 : 20,000 (Fig. 1B, C) . However, no cross-reactivity could be detected with rabbit pre-immune serum, suggesting the specificity of the immunological recognition of AtPol by anti-rat DNA Pol b antibody. These observations have indicated a high degree of immunological relationship between family-X-DNA Pols from the plant and mammalian system. In addition, considerable structural similarity between AtPol and mammalian DNA Pol supports the present idea that the members of family-X-DNA Pols are evolutionarily conserved single polypeptide proteins across eukaryotic phyla.
UV-B irradiation enhances expression of AtPolj in wild-type Arabidopsis
To elucidate the biological function of AtPol in regulation of the UV-B-induced DNA damage response in plants, we searched for mutants in the T-DNA knockout collections on the SiGnAL webpage (Salk Institute Genomic Analysis Laboratory; Alonso et al. 2003) . Three independent mutant lines with T-DNA insertions at three different sites in the AtPol gene (At1g10520) were identified (unpublished data) and the corresponding alleles were designated as atpoll-1 (with a T-DNA insertion in the intron), atpoll-2 (a T-DNA insertion in the promoter) and atpoll-3 (a T-DNA insertion in the intron, different from that of atpoll-1), respectively (data not shown). PCR genotyping analyses were carried out to determine plants that were homozygous or heterozygous for atpoll-1, atpoll-2 or atpoll-3 mutations. Heterozygous T 1 plants with the T-DNA insertion allele showed 3 : 1 segregation ratios with kanamycin resistance vs. sensitive lines in T 2 progeny, suggesting that a single T-DNA locus was present in the atpoll-1, atpoll-2 or atpoll-3 mutant lines. RNA gel blot and protein gel blot analyses were unable to detect any transcript or protein encoded by AtPol in the atpoll-1 and atpoll-2 mutant background, while the transcript and protein levels were substantially low in atpoll-3 mutant line (data not shown).
Previously, preliminary observation has demonstrated induction of DNA Pol transcript in UV-B-irradiated leaf cells in rice (Uchiyama et al. 2004) . To investigate further the correlation between the UV-B-induced expression of DNA Pol and the possible role of AtPol in repair of UV-B-induced DNA lesions particularly during early seedling development, 6-dayold wild-type and atpol mutant seedlings of Arabidopsis were irradiated with UV-B (dose of 5.4 kJ m À2 ) for 5 h in the dark and then the relative levels of AtPol expression were examined in the wild-type and mutant seedlings. As shown in Fig. 2A , a strong induction of AtPol transcript could be detected in wild-type seedlings ($2.3-fold higher than the untreated control) ( Fig. 2A, lanes 1 and 2) in RNA gel blot analysis. In contrast, UV-B irradiation did not induce AtPol expression in atpoll-1 and atpoll-2 mutant lines while a marginal increase in the abundance of AtPol mRNA was observed in the atpoll-3 mutant background ($0.8-to 1.2-fold increase compared with untreated plants) (Fig. 2A, lanes 3-8) . Furthermore, we have detected a time-dependent increase in the accumulation of AtPol mRNA and protein levels when 6-day-old wild-type seedlings were irradiated with UV-B in the dark for various time periods: 0, 1, 3, 5 and 8 h (Fig. 2C, F) . During UV-B exposure for various time periods in the dark, a steady increase in the transcript and protein levels of AtPol was more apparent during the 1-5 h of exposure. Interestingly, AtPol expression did not increase significantly after 8 h of irradiation as compared with the accumulation levels obtained after 5 h of exposure (Fig. 2E , H, $1.2-and 1.1-fold increase in AtPol mRNA and protein levels, respectively, after 8 h compared with 5 h of exposure). Taken together, these results indicate that AtPol expression is distinctly induced in response to UV-B irradiation.
atpolj mutants exhibit hypersensitive growth response to UV-B irradiation
To investigate further the role of AtPol in repair of DNA damage caused by UV-B irradiation, we next analyzed the relative sensitivity of wild-type and atpol mutants to UV-B radiation during seed germination. As shown in Fig. 3A , whereas no significant difference could be detected in seed germination rates of wild-type and atpol mutants under control conditions, $42% inhibition of the germination rate was observed in wild-type seeds in response to UV-B irradiation. On the other hand, the seed germination rate was reduced significantly in atpoll-1 and atpoll-2 mutants ($72% and 74% inhibition, respectively) as compared with control conditions, while, $56% inhibition in seed germination was obtained in the atpoll-3 mutant line (Fig. 3A) . Fig. 3B shows a growth image of 4-day-old seedlings of wild-type and atpol mutant lines grown from non-exposed control and UV-B-irradiated seeds. UV-B-mediated inhibition of germination and seedling growth was evident in the case of atpoll-1 and atpoll-2 mutant lines.
We have further examined and compared growth response of 2-week-old seedlings grown from UV-irradiated seeds with those grown from seeds without UV-B exposure. Fig. 3C -F illustrates the growth pattern of 2-week-old wild-type and atpol mutant plants grown from untreated control and UV-B-irradiated seeds. Seedling growth was affected by UV-B in both the wild type and atpol mutants. However, the effect was more pronounced in atpoll-1 and atpoll-2 mutant lines as compared wiht wild-type and atpoll-3 mutant seedlings.
The growth (measured as the fresh weight of the aerial parts) of atpoll-1 and atpoll-2 mutant lines was decreased to $52 and 58%, respectively, as compared with 2-week-old atpoll-1 and atpoll-2 seedlings grown from untreated control seeds. Conversely, in the wild type and atpoll-3 mutant lines, the reduction in fresh weight of 2-week-old seedlings grown from UV-B-irradiated seeds was found to be $21 and 28%, respectively, compared with those grown from non-exposed control seeds (Fig. 3G) .
No appreciable difference in hypocotyl length was detected among the 2-week-old wild type and the atpol mutant lines grown from seeds without UV-B exposure except the atpoll-1 mutant line which showed an $1.3 times lower hypocotyl length than wild-type plants (Fig. 3H) . However, measurement of the hypocotyl length of 2-week-old seedlings revealed a distinct response to UV-B exposure of seeds in terms of hypocotyl length elongation. Whereas the inhibition of hypocotyl length elongation was $31% in wild-type seedlings, the atpoll-1, atpoll-2 and atpoll-3 mutant lines showed $60, 68 and 35% inhibition, respectively, of hypocotyl length elongation when the plants were grown from UV-B-irradiated seeds in comparison with non-exposed control plants.
Analyses of primary root growth of 2-week-old wild-type and atpol mutant plants have revealed that atpoll-1 plants produced a slightly longer primary root than the wild type and other atpol mutant lines (Fig. 3I) . However, the atpoll-1, atpoll-2 and atpoll-3 mutant lines showed $67, 73 and 51% inhibition, respectively, of primary root growth in response to UV-B irradiation as compared with wild-type plants where an $35% reduction could be detected in response to UV-B radiation as compared with control seedlings. Further study of root growth of the wild type and atpol mutant lines has revealed that 2-week-old wild-type plants developed considerably fewer lateral roots than the atpol mutants under control conditions (Fig. 3J) . However, plants grown from UV-B-irradiated seeds showed a distinct response. Whereas in the wild-type seedlings $15% less lateral root emergence was detected following UV-B Immunoblot analysis using 40 mg of total protein extracts from 6-day-old wild-type seedlings exposed to UV-B light for various times (0-8 h, lanes 1-5). Affinity-purified anti-AtPol polyclonal antibody (1 : 500 dilution) was used to detect the AtPol protein which is indicated by the arrow. (G) The level of actin protein in similar protein extracts was detected using anti-actin (Actin) monoclonal antibody (Sigma) and is shown as a loading control. (H) Quantification of the data in F by densitometry (Bio-Rad Image Densitometer G700). Representative images from at least three independent experiments are shown for A-G. Formation of lateral roots in of 2-week-old wild-type and atpol mutant seedlings grown from non-exposed control and UV-B-irradiated seeds. Plants were maintained under long-day conditions in all cases. For A and G-J, the error bars represents the mean value from three independent observations. treatment than in the untreated control plants, in atpoll-1, atpoll-2 and atpoll-3 plants $56, 54 and 48% inhibition in lateral root formation, respectively, was observed in 2-week-old seedlings grown from seeds which were exposed to UV-B light prior to germination in contrast to non-exposed control plants. Taken together, these results suggest that during early seedling development growth of atpol plants was more sensitive to UV-B irradiation as compared with wild-type plants when plants were grown from seeds subjected to UV-B radiation before germination.
We have further investigated whether the UV-absorptive pigments play any role in the regulation of UV sensitivity of wild-type and atpol mutant plants. No appreciable differences in the relative levels of UV-B-absorptive compounds in the leaf extracts from wild-type and atpol plants could be detected without or after UV-B treatment. The atpoll-1, atpoll-2 and atpoll-3 mutant lines produced $1-5% less UV-B-absorptive compounds as compared with wild-type plants after UV-B exposure ( Supplementary Fig. S2A ). Two-week-old atpoll-1, atpoll-2 and atpoll-3 mutant lines showed $8.6, 6.8 and 7.4% less anthocyanin production, respectively, as compared with wild-type plants after UV-B exposure ( Supplementary  Fig. 2B ). We also compared leaf surface (adaxial) features of wild-type and atpol mutant plants using scanning electron microscopy following UV-B treatment. The adaxial leaf surface features (including the nature and density of trichomes, cracks and grooves, etc.) of wild-type plants showed no significant difference compared with the atpol mutant plants in nonexposed controls and after UV-B exposure (Supplementary Fig. S2C -J).
Accumulation of AtPolj protein increases in the dark after UV-B exposure
To determine further the role of AtPol in cellular protection against UV-B-induced DNA damage, we next studied the level of accumulation of AtPol protein in protein extracts from non-exposed control and UV-B irradiated 6-day-old seedlings of the wild type and atpol mutant lines. A considerable increase in the AtPol protein level could be detected in wild-type seedlings following UV-B irradiation in the dark as compared with non-exposed control plants (Fig. 4A, B , lane 1). The AtPol protein level increased $2.0-to 2.2-fold in wildtype seedlings after UV-B irradiation compared with nonexposed control plants ( Fig. 4C ) Interestingly, no significant difference in AtPol protein level could be detected in nonexposed and UV-B-irradiated wild-type seedlings when UV-B treatment was performed in the presence of white fluorescent light (data not shown). Whereas AtPol protein accumulation was not detected in atpoll-1 and atpoll-2 mutant lines before and after UV-B exposure (Fig. 4A , B, lanes 2 and 3), a marginal increase in AtPol protein level ($0.9-to 1.1-fold) could be detected in atpoll-3 plants after UV-B irradiation (Fig. 4B , lane 4).
To examine further UV-B-induced accumulation of AtPol protein in wild-type Arabidopsis in the dark, we next analyzed the accumulation profile of the AtPol protein level during various recovery times in dark and light conditions. As shown in Fig. 4D , the AtPol protein abundance could be detected during the 1-3 h of recovery periods in the dark in wild-type plants (an $1.5-to 2-fold increase as compared with the initial level at 0 h of recovery). However, no further increase in the AtPol protein level was detected beyond a 3 h recovery period (Fig. 4D, lanes 1-5) . Conversely, after UV-B exposure, when wild-type seedlings were allowed to recover in the presence of white light, no appreciable increase in AtPol protein level could be detected (Fig. 4H ) and, furthermore, it decreased with time. On the other hand, protein gel blot analyses were unable to detect AtPol protein accumulation in the atpoll-1 and atpoll-2 mutant lines during the recovery periods in either the dark or light conditions (Fig. 4E , F and I, J, lanes 1-5). In atpoll-3 plants, a marginal increase in AtPol protein was detected only during the dark recovery periods (Fig. 4G , K, lanes 1-5). These observations have suggested that the AtPol protein level increases particularly in the dark and during the early recovery phases in wild-type Arabidopsis in response to UV-B exposure.
To substantiate the above findings further, we next investigated whether the subcellular localization of AtPol changes in response to UV-B exposure. We carried out immunolocalization studies using affinity-purified, fluorescein isothiocycante (FITC)-tagged anti-AtPol IgG as immunoprobe to detect the intracellular location of AtPol. After UV-B exposure, seedlings were recovered in the dark for 1 h and then leaf tissue sections were used for in situ localization studies. The sections from non-exposed control and UV-B-irradiated 6-day-old wildtype seedlings were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) to localize the nuclei. Fig. 4L -O illustrates the localization pattern of AtPol in the leaf tissue sections of 6-day-old wild-type seedlings grown under standard growth conditions without UV exposure. In untreated control leaf tissue, the AtPol signal was predominantly cytosolic or nonnuclear, with few signals for nuclear localization (Fig. 4O) . In contrast, after 1 h of recovery in the dark following UV-B exposure, a notable increase in the nuclear localization signal of AtPol protein could be seen (yellow fluorescence indicated by black arrowheads) (Fig. 4S) . Taken together, these results may suggest that AtPol is probably involved in repair of UV-B light-induced DNA lesions in the dark.
Evaluation of UV-B-induced DNA damage and repair in wild-type and atpolj mutants To investigate DNA repair proficiency of wild-type and atpol mutants, we next analyzed the extent of the relative accumulation level of CPDs (one of the major UV photoproducts) in the wild type and atpol mutant lines in response to UV-B irradiation. For this, 6-day-old seedlings of wild-type and atpol plants were irradiated with UV-B light for 5 h in the dark and then CPD accumulation was determined by enzymelinked immunosorbent assay (ELISA) using TDM-2 antibody as described in the Materials and Methods. The atpoll-1, atpoll-2 and atpoll-3 mutant lines showed $43, 42 and 34% higher accumulation, respectively, of CPDs than wild-type plants in response to UV-B treatment [analysis of variance (ANOVA), P < 0.001] (Fig. 5A) . In order to understand the role of AtPol in repair of UV-B-induced CPDs and to avoid the chance of photorepair of CPDs in the presence of light by the Arabidopsis photolyases, we carried out damage recovery in the dark. The reduction of CPDs in the dark was relatively faster in wild-type plants than in atpol mutant lines. After 5 h of recovery, only 18% of CPDs remained in wild-type plants, whereas $31-42% of the initial CPD load remained in the case of atpol mutants (ANOVA, P < 0.0003) (Fig. 5B ).
Conversely, no significant level of CPDs could be detected either in the wild type or atpol mutant lines when recovery was carried out in the light, indicating efficient CPD removal by photolyases (data not shown). Taken together, these observations suggest that AtPol is possibly involved in removal of CPDs via the dark repair pathway. Earlier studies have demonstrated that lack of efficient repair of pyrimidine dimers before replication may lead to accumulation of DSBs and oxidative damage (Britt 1999) . Moreover, a role for DNA Pol has been demonstrated in repair of DSBs and cellular protection against oxidative DNA damage. Based on this information, we have further evaluated the extent of DNA damage in the wild type and atpol mutant lines in terms of accumulation and repair of DSBs after UV-B treatment. We performed a comet assay under neutral conditions using a nuclear suspension isolated from 6-day-old seedlings as described in the Materials and Methods. Fig. 5C illustrates representative comet images of nuclear samples from non-exposed control (upper panel) and UV-B-irradiated (lower panel) wild-type and atpol mutant lines. After UV-B treatment, induction of DSBs, measured as the fraction of DNA in comets tails (% tail-DNA), was $35, 33 and 15% higher in atpoll-1, atpoll-2 and atpoll-3 mutants, respectively, than in wild-type plants (ANOVA, P < 0.003) (Fig. 5D) . Taken together, these results indicate relatively higher accumulation levels of CPDs and DSBs in atpol mutant lines than in wild-type seedlings.
To examine further the relative efficiency of DSB repair in the wild type and atpol mutant lines, repair kinetics were determined through a time course of recovery for 0.5, 1, 3 and 5 h of incubation in the dark after UV-B treatment ( Fig. 5E-T) . In both wild-type and atpol mutant plants, reduction of DSBs was slower during the initial recovery phase (Fig. 5U) . However, in wild-type plants DSB repair was comparatively faster than that of atpol mutant lines in the later phases. After 5 h of incubation, whereas wild-type plants repaired $85% of DSBs, atpoll-1, atpoll-2 and atpoll-3 mutant lines showed $54, 52 and 68% of DSB repair, respectively (ANOVA, P < 0.001) (Fig. 5T) . Together, these results provide clear evidence to indicate differential repair of DSBs in the wild type and atpol mutant lines and that DSB repair was slower in atpol mutant lines.
AtPolj overexpression partially complements DNA damage repair efficiency of atpolj mutants
The results described in the above sections clearly indicated higher sensitivity of atpoll-1 and atpoll-2 mutant seedlings, which are devoid of AtPol function, to UV-B irradiation. We next examined whether overexpression of AtPol has any effect on UV-B sensitivity and DNA damage repair efficiency of atpol mutant lines. To address this possibility, AtPol full-length cDNA (1.59 kb) was introduced into the plant expression vector pCAMBIA 1201 under the cauliflower mosiac virus (CaMV) 35S promoter. The wild-type, atpoll-1 and atpoll-2 mutant lines were transformed with the overexpression construct and the sensitivity of transgenic seedlings to UV-B irradiation was examined (Fig. 6) . A control set of transformations was carried out using the empty pCAMBIA 1201 vector. Southern blot analysis was carried out to verify transgene integration in the wild type, and atpoll-1 and atpoll-2 mutant lines (see Supplementary Fig. S3 ). Furthermore, we observed a considerable increase in AtPol protein level in wild-type transgenic lines overexpressing AtPol and the expression of the protein was also detected in atpoll-1 and atpoll-2 overexpressor lines in immunoblot analysis using anti-AtPol polyclonal antibody (see Supplementary Fig. S4 ). The UV-B-induced inhibition in seed germination percentage was considerably minimized in the AtPol overexpressor lines of wild-type and atpol mutant plants (Fig. 6A) as compared with non-overexpressor lines (Fig. 3A) , and the difference was statistically significant (ANOVA, P < 0.005). The growth pattern of 4-day-old seedlings of the wild type and atpol mutant lines overexpressing AtPol is shown in Fig. 6B . Plants were grown from non-exposed control (upper panel) or UV-B-treated seeds (lower panel).
To determine whether AtPol overexpression could complement the proficiency of atpol mutants for repair of UV-B-induced DNA damage, we next analyzed the induction and repair of CPDs in overexpressor lines. As indicated in Fig. 6C , CPD accumulation was reduced significantly to $18, $28 and 31%, respectively, in UV-B-exposed wild-type, atpoll-1 and atpoll-2 plants overexpressing AtPol compared with the respective non-overexpressor lines (ANOVA, P < 0.01) (Fig. 5A) . AtPol overexpressor lines of atpoll-1 and atpoll-2 mutant plants showed $71 and 69% CPD recovery after 5 h of incubation in the dark (Fig. 6D ) in contrast to $55-58% recovery in non-overexpressor lines (ANOVA, P < 0.01) (Fig. 5B) . However, the wild-type overexpressor line did not differ significantly from the non-overexpressor line in CPD repair efficiency (Fig. 5B) . Furthermore, DSB accumulation in AtPol overexpressor lines of wild-type, atpoll-1 and atpoll-2 mutant seedlings was $20, 18 and 21% less than that of the respective nonoverexpressor lines (ANOVA, P < 0.005) ( Supplementary  Fig. S5A ). DSB repair kinetics particularly in overexpressor lines of atpol mutant lines indicated notable enhancement of repair of DSBs after 5 h of recovery in the dark (ANOVA, P < 0.002) (Supplementary Fig. S5B ). Taken together, the above findings indicated that AtPol overexpression partially complements the defect of atpol mutants in repair of UV-B-induced DNA damage.
To determine further whether overexpression of AtPol has any effect on growth under UV-B treatment, 2-week-old wild-type and atpoll-1 and atpoll-2 mutant lines overexpressing AtPol were exposed to supplementary UV-B light for 2 weeks under long-day conditions. A non-transformed wild-type plant was used as control. After 2 weeks, plant growth was examined by measuring the fresh weight of aerial parts of the plants. The non-transformed control wild-type and overexpressor lines (wild-type, atpoll-1 and atpoll-2) were maintained under a similar light regime without UV-B exposure. In the absence of UV-B, no statistically significant difference was observed between fresh weights of non-transformed wild-type and AtPol overexpressing transgenic lines ( Supplementary  Fig. S5C ), suggesting that overexpression of AtPol does not impose any negative effect on growth. Growth conditions under supplemental UV-B light caused $37% reduction in fresh weight in the case of non-transformed wild-type plants compared with non-exposed plants. Conversely, under similar conditions, AtPol overexpressor lines of the wild type, atpoll-1 and atpoll-1 showed $22, 40 and 39% reduction in fresh weights, respectively, as compared with non-exposed controls (ANOVA, P < 0.003). In a similar experiment, non-overexpressor lines of atpoll-1 and atpoll-2 mutants showed $59 and 61% reduction in fresh weight in response to UV-B exposure compared with non-exposed lines (data not shown). In vitro repair synthesis assays indicate involvement of AtPolj in repair of UV-B-induced DNA damage via NER NER has been considered as the most general and versatile DNA repair system for removal of UV-B-induced lesions from DNA in a light-independent pathway. On the other hand, the results obtained in the above sections have provided evidence to suggest possible involvement of AtPol in the repair of UV-Bdamaged DNA in the dark. Therefore, to investigate the possible involvement of AtPol in NER in vitro, we performed an in vitro repair synthesis assay. We utilized whole-cell extracts from 6-day-old non-exposed control and UV-B-irradiated wildtype and atpol seedlings to monitor the incorporation of radiolabeled deoxynucleotide triphosphate ([a-32 P]dATP) into the UV-B-damaged plasmid DNA incubated with cell extract containing the repair enzymes including AtPol. Repair synthesis reactions were carried out in complete darkness to rule out the possibility of photoreactivation repair by Arabidopsis photolyases. UV-B-damaged and non-exposed control plasmids were linearized before incubation and reactions were carried out at 25 C (Li et al. 2002) . In order to validate the feasibility of the in vitro repair synthesis system to monitor repair of UV-B-induced bulky DNA lesions, 300 ng of linearized pGEX-3X plasmid DNA was subjected to increasing doses of UV-B light (50, 100, 250 and 500 J m À2 ) by following the standard method described by Li et al. (2002) . The extent of DNA damage was then measured by using CPD-specific antibody (Fig. 7A) . A dose-dependent CPD formation pattern on the UV-B-irradiated pGEX-3X plasmid was evident. We next carried out in vitro repair synthesis using pGEX-3X plasmid DNA substrates irradiated with various UV-B doses with whole-cell extract from non-exposed wild-type seedlings. We found a dose-dependent increase in repair synthesis activity using whole-cell extract from non-exposed wild-type seedlings (Fig. 7B) , indicating the viability of the system to study repair of UV-induced DNA lesions using Arabidopsis whole-cell extract. A linear dependence of radiolabeled nucleotide incorporation on UV-B-damaged plasmid on the time of incubation with cell extract was also detected (data not shown).
A B D C
Considerable labeling signal on the UV-B-damaged pGEX-3X plasmid could be detected after incubation with cell extract from non-exposed control wild-type plants (Fig. 7C , lanes 2, 3 and 5, lower panel), while pBluescript II KS (pBSKS), used as the non-damaged internal control, did not show any significant level of radiolabeled nucleotide incorporation (Fig. 7C, lanes  1-4, lower panel) . Alternatively, when used as the damaged substrate for repair, considerable incorporation of radiolabeled signal was also detected on pBSKS DNA (Fig. 7C , lanes 5 and 6, lower panel). Together, these results provided evidence that Arabidopsis whole-cell extract is efficient to carry out repair synthesis in vitro.
To determine the relative efficiency of NER synthesis in vitro, we next used whole-cell extracts from UV-B-irradiated wild-type and atpol mutant lines. Extract from non-exposed wild-type seedlings was used as control. We have detected an appreciable increase in the intensity of the labeling signal when cell extracts from UV-B-irradiated wild-type plants was used with the damaged pGEX-3X as substrate for repair (Fig. 7F,  lane 2, lower panel) . Conversely, the intensity of radiolabeled signal was considerably weak when cell extracts from UV-Birradiated atpoll-1 plants were used (Fig 7E, lanes 1 and 3,  lower panel) . Since the atpoll-1 line was devoid of AtPol expression, we then asked whether incorporation of functionally active AtPol protein could complement the repair efficiency of the atpoll-1 mutant line. To examine this, we carried out in vitro repair synthesis with whole-cell extract from atpoll-1 seedlings in the presence of $5 mg of bacterially overexpressed and affinity resin-purified recombinant AtPol. Interestingly, the labeling on the damaged substrate was substantially increased in the presence of recombinant AtPol protein when used together with atpoll-1 cell extract (Fig. 7E , lane 4, lower panel). Taken together, these results suggest that recombinant AtPol partially complements the repair synthesis activity in the atpoll-1 mutant line in vitro. Furthermore, when an in vitro repair synthesis reaction using UV-irradiated plasmid and Arabidopsis whole-cell extract (presumably containing the photolyases) was carried out in the presence of visible light, almost no radiolabeled signal of UV-B-irradiated plasmid was detected. This was probably due to efficient CPD removal by photolyases (data not shown) in the presence of light. Therefore, the observed variation in repair activity in extract from non-exposed control or UV-B-treated wild-type Col and atpol mutant lines (indicated by relative band intensities) obtained in repair reactions carried out in the dark indicated a relative difference in repair synthesis activity in the extracts.
In mammalian cells, the gaps in damaged DNA produced during NER and BER are filled in by gap-filling repair synthesis activity by different DNA Pols. DNA Pols "/d and k are shown to be involved in NER (Ogi et al. 2010) , while DNA Pol b is involved in BER (Burgers 1998) . Therefore, to determine the type of DNA Pol(s) involved in NER synthesis in UV-B-treated wild-type extracts, we performed in vitro repair assays in the presence of potential inhibitors of DNA polymerases, including aphidicolin, which strongly inhibits the activity of replicative DNA Pols such as Pol a, Pol d and Pol ", and ddTTP, a very potent and specific inhibitor of DNA Pol b and . As indicated in Fig. 7F , repair synthesis with extracts from non-exposed control wild-type plants was partly inhibited by aphidicolin and only slightly by ddTTP. Conversely, repair synthesis was significantly inhibited by ddTTP and only marginally by aphidicolin when UV-B-irradiated extract (with increased levels of AtPol protein) was used. In the case of repair synthesis using UV-B-irradiated atpoll-1, activity was marginally inhibited by aphidicolin and not with ddTTP, while the repair synthesis was considerably inhibited by ddTTP but not with aphidicolin when purified recombinant AtPol protein was added together with atpoll-1 cell extract in the reaction mixture. Taken as a whole, these results indicate that repair synthesis activity in UV-B-irradiated extract from wild-type seedlings is ddNTP 
Discussion
Besides light-dependent PR, plants have been shown to remove both CPDs and 6-4 PPs by use of a light-independent dark repair pathway, also known as the NER pathway, which has been found to be more versatile and flexible than PR in terms of substrate recognition and removal of UV-induced DNA lesions (Maillard et al. 2008) . Arabidopsis has been shown to remove 6-4 PPs less efficiently, but not CPDs, in the absence of photoreactivating light (Britt et al. 1993 ), indicating that CPDs, which alone constitute up to 75% of the total UV-induced DNA lesions, are also effectively repaired via a dark repair pathway. However, Arabidopsis mutants defective in dark repair of 6-4 PPs have also been reported (Britt et al. 1993) . UV-induced DNA damage has been shown to stimulate various repair pathways including PR (Pang and Hays 1991) , NER, BER (Britt 1996 , Britt 1999 and recombination repair, which may be linked to NER or BER activity. The underlying molecular mechanism and the various components of the NER pathway for repair of UV-induced damage in DNA are less characterized in plants as compared with the light-dependent PR pathway (Britt 1999) . The molecular mechanism of early steps of NER, which involves stepwise functions of xeroderma pimentosum (XP) proteins, has been extensively studied in both bacteria and animals, including humans. In contrast, information on the later steps of NER, involving gap-filling repair synthesis, is still limited in higher eukaryotes (Hanawalt and Spivak 2008) . In vitro studies on the later steps of NER in humans have suggested involvement of replicative DNA Pols, Pol d and Pol ", in repair synthesis in vivo and DNA ligase 1 for the nick sealing step Shivji 1997, Araujo et al. 2000) . However, specific experimental evidence in favour of this assumption was inadequate. Previously, involvement of Pol k, a member of family Y-DNA polymerases, which are believed to function in translesion DNA synthesis, in NER in mouse cells has been demonstrated (Ogi and Lelvmann 2006) . It has also been suggested that the excision repair cross complementing 1 (ERCC1)/ligase III complex that interacts with DNA Pol b and is known to be involved in repair of single-strand breaks and BER is involved in the nick sealing ligation reaction in NER in human cells (Moser et al. 2007 ). However, a more recent study involving human fibroblasts has suggested a role for Pol k and Pol d in $50% of repair synthesis of UV-induced DNA lesions. The remaining part of repair synthesis has been suggested to be catalyzed by the replicative DNA Pol " together with the clamp loader complex CTF18-RFC (Ogi et al. 2010) .
Mammalian cells do not possess any photolyases (neither CPD photolyase nor 6-4 photolyase) and therefore are completely dependent on NER for repair of UV-induced lesions in DNA (Sancar 2003) . Conversely, plant cells efficiently remove UV photoproducts using both photolyases in the light and the NER pathway in the dark. However, the complexity of the repair system in plants has not been well defined and possible overlaps between different repair pathways have also been indicated (Li et al. 2002) . Moreover, the in vivo functional activity of many of the DNA Pols in plants has not been well characterized.
In this study, we have described functional characterization of AtPol from A. thaliana, a homolog to mammalian DNA Pol , in repair of UV-B-induced DNA damage. We have shown that AtPol, which encodes a single polypeptide DNA Pol with a molecular mass of $58 kDa and with an appreciable structural and immunological similarity to mammalian DNA Pol b, was significantly induced in the dark following UV-B irradiation. Two-week-old seedlings of atpoll-1 and atpoll-2 mutant lines (devoid of AtPol expression) showed clear growth inhibition (Fig. 3) as compared with the wild type and the atpoll-3 mutant line (with a reduced level of AtPol expression) when seeds were exposed to UV-B radiation before germination. In vitro repair synthesis was carried out using whole-cell extract from non-exposed 6-day-old wild-type seedlings. pGEX-3X DNA exposed to different UV-B doses, as shown in A, was used as the repair substrate (lanes 1-5). Non-damaged pBSKS plasmid was used as the control. (C) In vitro repair synthesis using whole-cell extract from non-exposed 6-day-old wild-type seedlings. Lane 1 shows non-damaged pBSKS while lane 2 contains damaged pGEX-3X. Lane 3 contains damaged pGEX-3X with non-damaged pBSKS. Lane 4 contains both non-damaged pGEX-3X and pBSKS. Lane 5, non-damaged pGEX-3X with damaged pBSKS; lane 6 indicates damaged pGEX-3X plus damaged pBSKS. (D) UV-B-damaged pGEX-3X was used as the substrate for repair, with non-damaged pBSKS used as internal control. Lane 1 contains whole-cell extract from 6-day-old non-exposed control wild-type plants while in lane 2 the reaction was incubated with whole-cell extract from 6-day-old UV-B-irradiated wild-type plants. Lane 3, the reaction incubated with whole-cell extracts from 6-day-old UV-B-irradiated atpoll-1 mutant seedlings. Lane 4 shows in vitro repair synthesis using whole-cell extracts from 6-day-old UV-B-irradiated atpoll-1 mutant seedlings in the presence of 5 mg of Ni 2+ -NTA affinity resin-purified recombinant AtPol (6 Â His-AtPol). (E) In vitro repair synthesis assays were performed using UV-B-damaged pGEX-3X DNA with cell extracts from 6-day-old non-exposed wild-type plants (lanes 1-3) or UV-B-irradiated wild-type plants (lanes 4-6) and UV-B-irradiated atpoll-1 seedlings (lanes 7-9). Reactions were carried out in the absence (lanes 1, 4 and 7) or presence of 25 mM ddTTP (lanes 3, 6 and 9) or 200 mM aphidicolin (lanes 2, 5 and 8). Lanes 7-9 contain 5 mg of Ni-NTA 2+ affinity resin-purified recombinant AtPol protein with whole-cell extract from UV-B-irradiated Comparative analyses of relative accumulation levels of UV-B-absorptive compounds and sensitivity of the leaf epidermal surface of the wild type and mutant lines to UV-B irradiation have revealed that these factors do not contribute significantly in regulating the differential sensitivity of the wild type and atpol towards UV-B radiation. Since UV-B irradiation caused enhanced accumulation of AtPol protein following UV-B exposure in the dark in wildtype Arabidopsis and we observed a relatively higher extent of accumulation of DNA damage (CPDs and DSBs) in atpol mutant lines, we have next addressed the potential question of the possible involvement of AtPol in repair of UV photoproducts in the dark. Previously, in vitro studies have established the role of DNA Pol in BER and repair of DSBs via NHEJ (Garcia-Diaz et al. 2002 , Ma et al. 2004 , Uchiyama et al. 2004 . Moreover, lack of efficient removal of CPDs before replication has been shown to induce formation of DSBs as well as oxidative damage (Britt 1996) . Therefore, in addition to studying the possible involvement of AtPol in repair of CPDs in the dark through NER, we have also evaluated the role of this protein in repair of DSBs. In this study, we measured the accumulation and repair of CPDs as these may contribute up to 75% of all UV photoproducts and are related to formation of DSBs. We have found a comparatively higher extent of accumulation of CPDs and also DSBs in atpol mutant lines than in wild-type plants. Furthermore, in atpol mutant lines, repair of UVinduced DNA damage was slower than observed for wildtype plants. Together, these observations have provided an important clue to indicate the active role of AtPol in repair of DNA damage in response to UV-B irradiation.
To verify further the function of AtPol in repair of UV-B-induced DNA damage, we have investigated the effect of overexpression of AtPol in the wild-type and mutant background in relation to change in germination frequency, induction and repair of DNA damage after UV-B exposure. In comparison with non-overexpressor lines, AtPol overexpression considerably reduced the UV-B-mediated inhibition of seed germination percentage in both the wild type and atpol lines following UV-B treatment (Fig. 6A) . Under UV-B stress, the overexpressor lines (both the wild type and atpol mutants) showed relatively reduced sensitivity as observed in fresh weight measurement analysis and also showed reduced accumulation of CPDs and DSBs ( Fig. 6C and Supplementary  Fig. S5) . Furthermore, the differences we observed in repair of CPDs and DSBs in non-overexpressor and AtPol overexpressor lines of wild-type and atpol mutant plants were significant. However, overexpression of AtPol in a mutant background showed only partial complementation of AtPol function. This was not unexpected since CPDs are not the only UV photoproducts in DNA. (6-4) photoproducts also have potential harmful effects on DNA replication and transcription, like CPDs (Thoma 1999) . Similarly, in addition to DSBs, UV-B radiation is also known to induce other forms of lesions in DNA including single-strand breaks, and DNA-DNA and DNAprotein cross-links. Therefore, it seems that overexpression of AtPol can cause efficient repair of one specific type of DNA damage while it cannot prevent all negative effects of UV-B on plant growth.
Since NER has been considered as the most general and versatile DNA repair system which removes the majority of UV-induced photoproducts from DNA, we carried out an in vitro repair synthesis assay for further functional assessment of AtPol in NER synthesis for repair of UV photoproducts in the dark. The results of the in vitro repair synthesis assay have revealed efficient repair activity in whole-cell extract from nonexposed wild-type plants (Fig. 7C) . The finding of increased repair activity in cell extract from UV-B-irradiated wild-type seedlings compared with control extract was interesting considering the enhanced expression of AtPol in response to UV-B exposure in wild-type plants. Moreover, repair activity in cell extract from UV-B-treated seedlings was clearly sensitive to ddTTP but not inhibited by aphidicolin (Fig. 7E) . Conversely, repair synthesis in whole-cell extract from non-exposed wildtype plants was partly inhibited by aphidicolin but not by ddTTP. However, this result was in contrast to a previous observation which described no significant inhibition of repair synthesis activity in plant extract by either ddTTP or aphidicolin (Li et al. 2002) . We assume that the conditions for reactions with inhibitors used in the earlier study may differ from our experimental set-up. Interestingly, we were not able to detect any radiolabel signal on UV-B-damaged plasmids when in vitro repair synthesis reactions were performed in the presence of visible light, suggesting efficient removal of photoproducts by photolyases present in whole-cell extracts. This observation supports our assumption that variation in the repair synthesis activities in dark conditions in whole-cell extract from nonexposed or UV-B-irradiated wild-type and atpoll-1 mutant plants reflects a relative difference in DNA Pol activity in the respective extracts. Moreover, repair synthesis activity in atpoll-1 whole-cell extract was restored close to the activity of non-exposed wild-type extract in the presence of affinity resin-purified recombinant AtPol, and such activity was strongly inhibited by ddTTP and not by aphidicolin (Fig. 7E) . Overall, the results of repair synthesis assays in the presence of specific inhibitors have also indicated activity of ddNTPsensitive DNA Pol particularly in extracts from UV-B-treated seedlings. Based on these findings, we propose the possible involvement of AtPol in the gap-filling repair synthesis step in NER in vitro.
In mammalian cells, recent studies have demonstrated the involvement of DNA Pol k, Pol d and Pol " in NER synthesis (Ogi et al. 2010) . In plants, information is still inadequate regarding the possible functions of various DNA Pols in DNA damage repair. In this report, our result, indicating the possible involvement of AtPol in repair synthesis, is potentially interesting and provides further insights about the functional significance of a plant DNA Pol in repair of UV-B-induced DNA damage. However, further in vivo study is needed to characterize the function of other DNA Pols and interacting protein factors which may be involved together with AtPol in NER for repair of UV photoproducts.
Materials and Methods

Plant materials and growth conditions
The A. thaliana atpoll-1, atpoll-2 and atpoll-3 mutants (Salk-075391C, Salk-070973 and Salk-061978, respectively) are in the Columbia accession. The atpol T-DNA insertion lines were obtained from the T-DNA knockout collections (Alonso et al. 2003) in ABRC, Ohio. Arabidopsis thaliana (Columbia) seeds were surface sterilized and grown in potting soil (Soilrite, India) or growth medium (GM) supplemented with 0.8% Bactoagar and 1% sucrose. Unless stated otherwise, the seeds in the potting soil or GM-agar plates were cold treated at 4 C for 3-5 d and then transferred to light chambers maintained at 22
C with 16 h light and 8 h dark periods, respectively. The intensity of white fluorescent light (Phillips, India) was 100 mmol m À2 s
À1
.
UV-B treatment and quantitative plant growth measurement
To examine the sensitivity of the wild type and atpol mutants to UV-B light, surface-sterilized seeds of both the wild type and atpol mutants were plated on GM (containing 0.8% Bactoagar and 1% sucrose) and then transferred to a growth chamber equipped with a UV-B light source (UV-B bulb, Philips). Seeds were exposed to UV-B light (5.4 kJ m
À2
) for 60 min in the dark. Plates were then kept at 4 C in the dark for 3 d and subsequently transferred to a plant culture rack under 16 h light and 8 h dark periods, respectively. The seed germination rate was analyzed 2 d after placing the plates on a culture rack while 2-week-old plants were examined for their sensitivity to UV-B treatment. The UV-B lamp cassette radiates at a wavelength of >280 nm with a high peak at 312 nm. UV-B doses were measured with a UV-B radiometer where the filter transmits UV-B radiation with a peak near 313 nm and a half band width of 12 nm. Six-day-old Arabidopsis seedlings were subjected to UV-B treatment following a standard protocol described previously by Hase et al. (2006) . The hypocotyl lengths of seedlings, the lengths of primary roots and the number of lateral roots were measured and counted using Image-J software. Non-exposed control plants were maintained under a similar light regime. To monitor the response of plants to UV-B light at the seedling stage, 2-week-old plants were exposed to supplementary UV-B light ($3.5 kJ m À2 ) for 2 weeks and then the fresh weights of the aerial parts were measured.
Isolation of RNA and Northern blotting
Total RNA was isolated from $100 mg of seedling tissues by using the RNeasy plant minikit (Qiagen). Northern blot analysis was carried out using 20 mg of total RNA samples by following the protocol described by Sambrook et al. (1989) . AtPol cDNA (1.59 kb) was used as a probe and was prepared using the Megaprime DNA labeling system (Amersham Biosciences). As a loading control, 28S and 18S rRNA were used.
Preparation of total protein extracts from Arabidopsis seedlings
Total protein was extracted by following the protocol described previously (Roy et al. 2007 ) with some modifications. Approximately 100 mg of seedlings were frozen in liquid nitrogen and ground in 500 ml of ice-cold protein extraction buffer [50 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 400 mM sucrose, 10% glycerol, 2.5 mM EDTA, pH 8.0, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM 2-mercaptoethanol, 5 mg ml À1 leupeptin and 1 mg ml À1 antipain]. Protein extract was transferred to a sterile microfuge tube and centrifuged at 2,000 Â g for 5 min at 4 C to pellet down the debris. The supernatant was transferred to a fresh tube and the protein concentration in each sample was determined by Bradford assay (Bradford 1976 ) using bovine serum alumin (BSA) as standard (Fraction V, Sigma).
Immunoblot analysis
Immunoblot analysis was carried out using the Super Signal West Pico Chemiluminescent substrate kit (Pierce) by following the manufacturer's instructions. Approximately 40 mg of protein samples were separated on a 10% SDS-polyacrylamide gel and then electroblotted onto a PVDF (polyvinyl difluoride) membrane (Pierce) using a Bio-Rad mini transblot Cell by following the manufacturer's instructions. The anti-AtPol polyclonal antibody was raised against the full-length recombinant 6Â His-tagged AtPol protein in rabbit by Bangalore Genei, Bangalore, India, and affinity purification of immune serum was carried out using Protein A-Agarose Fast Flow resin (Sigma). Affinity-purified rabbit-anti AtPol polyclonal antibody was used as the primary antibody and goat anti-rabbit IgG (horseradish peroxidase conjugated) as secondary antibody. After protein transfer, the membrane was stained with Ponceau-S (Sigma) for 5 min and then briefly destained with sterile milli-Q water to confirm protein transfer. The membrane was then incubated in blocking solution containing 5% BSA and 0.05% Tween-20 in 1Â TBS (Tris-buffered saline; 50 mM TrisHCl, 20 mM NaCl pH 7.5) for 1 h at room temperature with constant gentle shaking. After removing blocking solution, the blot was incubated in 10 ml of affinity-purified anti-AtPol polyclonal antibody (1 : 500 dilutions in blocking solution with 0.05% Tween-20) overnight at room temperature with constant gentle shaking. The membrane was washed in 20 ml of wash buffer (1Â TBS with 0.05% Tween-20) five times, for 5 min each time. After washing, the membrane was incubated in 15 ml of secondary antibody, conjugated with horseradish peroxidase (1 : 20,000 dilutions in blocking solution with 0.05% Tween-20) for 1 h at room temperature with constant gentle shaking. The membrane was washed in 20 ml of wash buffer five times, for 5 min each time. The working solution of substrate was prepared by mixing an equal volume of peroxide solution and luminal/enhancer solution and used at 0.1 ml cm À2 of the blot area. The membrane was incubated in the working solution for 5 min in darkness. Excess liquid was removed from the membrane and then covered with a plastic wrap in a cassette. The membrane was exposed to Kodak X-Omat film for various times. The band of actin protein, detected with anti-actin monoclonal antibody (Sigma), was used as an internal control. Rabbit pre-immune serum was used as a negative control.
In situ localization of AtPolj protein
Immunolocalization studies using control and UV-B-irradiated leaf samples were carried out essentially by following the protocol of Paciorek et al. (2006) . FITC-coupled affinity-purified anti-AtPol IgG was used to detect AtPol protein in the leaf cells of 6-day-old wild-type seedlings before and after UV-B irradiation. UV-B exposure was for 5 h in the dark. FITC labeling of anti-AtPol IgG was carried out using 1 mg ml À1 affinity-purified anti-AtPol IgG and following the protocol of Harlow and Lane (1988) . Unlabeled free FITC was removed by passing the labeling mixture through a Sephadex G-25 column (25 Â 2.0 cm). The percentage of FITC incorporation of FITC tagged to anti-AtPol IgG was calculated from the UV spectral peaks of anti-AtPol IgG and FITC at 280 and 495 nm, respectively (Bhattacharya and Das 1998) . Tissue sections were incubated in 2% BSA solution for 30 min at room temperature and then the BSA solution was removed, microscopic slides were transferred into a humid chamber and 150 ml of FITC-coupled anti-AtPol IgG solution (1 : 250 dilutions in 2% BSA solution) was dropped onto the sample sections on the slides. Tissue sections were gently covered with parafilm strips and incubated overnight at room temperature. After the incubation period, the primary antibody solution was removed by pipetting and sections were washed with 1Â phosphate-buffered saline (PBS) five times, for 10 min each time. A 100 ml aliquot of DAPI solution (1 mg ml À1 in 1Â PBS) was added to the sections and incubated for 30 min at room temperature. After the incubation period, DAPI was removed by decanting and samples were washed with sterile milli-Q water three times, for 5 min each time time, at room temperature. A drop of antifade medium (Keiser's glycerol gelatine, Merck) was added to the sections on the slide and gently covered with a cover glass (22 mm Â 22 mm). The slides were examined by confocal laser scanning microscopy (Zeiss LSM-510 Meta). Images were taken at 20-fold magnification with an excitation wavelength of 488 nm for FITC and 405 nm for DAPI, and an emission wavelength of 405-450 nm for FITC and LP420 nm for DAPI, respectively. Images were captured from five randomly selected regions for each leaf sample. Three replicates were taken for each sample.
Measurement of CPDs
The induction and repair of CPDs were analyzed by ELISA. CPDs were detected by a specific antibody, TDM-2, following Hase et al. (2006) . Six-day-old seedlings were exposed to UV-B light for 5 h at a dose of 3.0 kJ m À2 in dark conditions. Seedlings ($75-100 seedlings for each data point) were collected and immediately frozen in liquid nitrogen or allowed to recover in liquid MS medium in dark conditions for 0, 0.5, 1, 3 and 5 h. Genomic DNA was extracted using a DNeasy plant mini kit (Qiagen). A 50 ml aliquot of the extracted DNA sample (at a final concentration of 0.02 mg ml
À1
) was used in each well. CPDs were detected using TDM-2 antibody (Cosmo BioA) according to Tanaka et al. (2002) . For each sample, the mean value of three replica wells was calculated and the background was subtracted.
Analysis of DNA damage and recovery by comet assay
Comet assay was carried out following the protocols described by Kozak et al. (2009) with some modifications. The assay was performed in a dark room with dim red light. Approximatley 100 mg of 6-day-old seedlings (control and UV-B irradiated) were harvested and carefully washed in MS (Murashige and Skoog)-liquid medium. Seedlings were then chopped with a sterile razor blade in 400 ml of PBS (160 mM NaCl, 8 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 , pH 7.0) with 50 mM EDTA on a sterile Petriplate placed on ice. Two drops of 40 ml of the resulting nuclear suspension were dropped separately on a microscopic slide, mixed with a similar volume of liquid 1% low melting point agarose at 42 C and gently covered with a 22 mm Â 22 mm cover glass. Microscopic slides were previously coated with a very thin layer of 1% normal melting point agarose and thoroughly dried at 55 C. The nuclei on the microscopic slides were then subjected to lysis in the presence of high salt buffer (2.5 M NaCl, 10 mM Tris-HCl pH 7.5, 100 mM EDTA) for 10 min at room temperature. The slides were equilibrated three times, for 5 min each time, in 1Â TBE (90 mM Tris-borate, 2 mM EDTA, pH 8.4) on ice. Slides were then placed in a horizontal gel electrophoresis tank containing 1Â TBE followed by electrophoresis at room temperature for 6 min at 31 V, 18-19 mA. To remove the starch grains present in the nuclear suspension, after electrophoresis slides were kept in 1% Triton X-100 solution for 10 min followed by dehydration twice, for 5 min each time, in 70 and 96% ethanol, respectively. Slides were finally air-dried. Dried slides were then incubated in RNase A (100 mM ml À1 ) for 30 min at room temperature and then washed in 10 mM citrate phosphate buffer pH 3.8 with 100 mM NaCl three times, for 2 min each time. The nuclei were stained with acridine orange (AO; Sigma). A 2 mg ml À1 stock in sterile milli-Q water was prepared for AO and then diluted to 1 : 100 in 10 mM citrate phosphate buffer pH 3.8 with 100 mM NaCl and used for staining for 15 min at room temperature. Slides were then washed in 10 mM citrate phosphate buffer three times, for 2 min each time, and then air-died in darkness. The stained slides were immediately used for evaluation by confocal laser scanning microscopy using a Zeiss LSM-510 Meta. Images of comets from slides were captured at a 20-fold magnification with excitation at 480 nm and emission at 505-550 nm. Comet parameters were measured and analyzed using CaSP image analysis software (http://casplab .com). (Konca et al. 2003) . The distribution of fluorescence in the head and tail of the comet, which correlates positively with the amount of DNA breaks, was measured. The percentage of DNA in the tail is considered as the most appropriate parameter to analyze induced DNA damage since it is more sensitive when using an image analysis system capable of measuring the proportion of fluorescence in the head and tail of comets (Kumaravel and Jha 2006) .
Evaluation of comets
DNA damage has been represented as the percentage of DNA present in the tail compared with the total amount of DNA in the head and tail. Data for wild-type Arabidopsis and three mutant lines (atpoll-1-atpoll-3) analysed in the present study were measured in at least three independent experiments. Each experimental point is represented by a mean value (±SD) from three independent gel replicas, based on the median values of the percentage of migrated DNA of 25 evaluated comets per gel. Student's t-test was used to test for significant differences in the median between groups. The percentage of damage remaining as plotted in Fig. 5U and Supplementary Fig. 5B after a given repair time (t x ) was calculated by following Kozak et al. (2009) .
Generation of overexpressor lines of AtPolj and plant transformation
For the generation of overexpressor lines of AtPol, 1.59 kb of full-length cDNA was amplified by PCR using the gene-specific primers (forward) 5 0 AGCTGGATCCATGGCGGCAAAGCGAG G 3 0 and (reverse) 5 0 GTTGAGCTCTCAGAGATTCCTCTCTCG TGT 3 0 and cloned into the BamHI-SacI sites of the pCAMBIA 1201 binary vector under the CaMV 35S promoter. The construct was introduced into the Agrobacterium strain GV3101. The wild-type (Columbia) or atpoll-1 and atpoll-2 mutant plants were transformed with Agrobacterium carrying the overexpression cassette or empty vector by the floral dip method. Transgenic plants were selected on 15 mg ml À1 hygromycin plates. Several transgenic plants homozygous for the transgene were generated for the UV-B sensitivity study.
Preparation of whole-cell extract
Whole-cell extract was prepared from Arabidopsis seedlings by following the protocol described previously (Li et al. 2002) with some modifications. All steps were carried out at 4
C. Approximately 500 mg of frozen plant tissue was ground with a mortar and pestle in liquid nitrogen and then homogenized in 7 vols. (w/v) of ice-cold extraction buffer [25 mM HEPES-KOH, pH 7.8, 100 mM KCl, 5 mM MgCl 2 , 250 mM sucrose, 10% glycerol, 1 mM dithiothreitol (DTT) and 1 mM PMSF]. The homogenate was put in a sterile beaker which was then placed on a magnetic stirrer and 3 M KCl was slowly added to the homogenate at a final concentration of 450 mM with stirring.
After 30 min of extraction, cellular and nuclear debris were removed by centrifugation at 14,900 Â g for 1 h at 4 C. The supernatant was put into a fresh sterile beaker and subjected to 70% ammonium sulfate saturation. After 1 h, precipitated proteins were collected by centrifugation at 14,900 Â g for 1 h at 4 C. The supernatant was removed and the pellet was dissolved in 1 ml of dialysis buffer (25 mM HEPES-KOH, pH 7.8, 100 mM KCl, 12 mM MgCl 2 , 1 mM EDTA, 17% glycerol, 2 mM DTT, 1 mM PMSF, 5 mg ml À1 leupeptin and 1 mg ml À1 antipain). The protein sample was dialyzed against 100 vols. of a similar buffer overnight at 4 C with two changes. The protein concentration in the whole-cell extract was determined by Bradford assay (Bradford 1976 ) using BSA as standard (Fraction V, Sigma).
In vitro repair assay
The in vitro repair reaction was carried out as described previously (Wood et al. 1995 , Li et al. 2002 . pGEX-3X (4.9 kb; Amersham Pharmacia) and 2.9 kb of pBluescript II KS+ (Stratagene) were linearized with BamHI (Roche) and used as substrate for repair synthesis. The plasmid DNAs were subjected to UV-B irradiation and then gel purified using a QIAquick GEL Extraction kit (Qiagen) by essentially following the protocols described previously (Li et al. 2002) . The reaction was carried out in 50 ml of reaction buffer containing 50 mM HEPES-KOH, pH 7.8, 40 mM K-acetate, 8 mM Mg acetate, 1 mM DTT, 0.4 mM EDTA, 2.5 mg of BSA, 50 mg ml À1 creatine phosphokinase, 40 mM phosphocreatine, 6% glycerol, 4.5% PEG (polyethylene glycol) 8000, 4 mM ATP, 50 mM each of dGTP, dCTP and dTTP with 20 mM of dATP (10 mCi of [a-32 P]dATP, specific activity 3,500 Ci mmol
À1
). The reaction contained 300 ng of linearized, gel-purified, control and UV-B-irradiated pGEX-3X and pBSKS plasmid DNA. Approximately 50 mg of Arabidopsis whole-cell extract was used in the reaction which was incubated in the dark at 30 C for 2 h. For in vitro repair synthesis with DNA Pol inhibitors, the reaction buffer along with whole-cell extract was incubated in the presence of either 25 mM ddTTP or 200 mM aphidicolin in the dark at 4 C for 1 h and then the reaction was initiated by addition of radiolabeled nucleotide. After incubation in the dark, the reaction was terminated by addition of 2 ml of 0.5 M EDTA, incubated with 50 mg ml À1 of RNase A for 30 min at 37 C, then treated with proteinase K (0.2 mg ml À1 ) in 0.5% SDS, and the DNA was finally extracted with phenol/chloroform followed by precipitation in 2.5 vols. of chilled 100% ethanol. The DNA pellet was washed in 70% ethanol, air-dried and then dissolved in 20 ml of TE. The DNA concentration in each sample was quantified by measuring the absorbance of the diluted sample at 260 nm to facilitate equal loading from each reaction. Equal loading of sample for each reaction is indicated with the ethidium bromide-stained gels shown in the upper panels of Fig. 7B -E. Equal amounts of the DNA samples from each reaction were separated by electrophoresis on a 0.8% agarose gel, stained with ethidium bromide to capture the image and finally the DNA samples were transferred to a nylon membrane (Hybond N, Amersham Biosciences) by capillary transfer and the radioactive signal was detected by exposing the membrane to Kodak X-Omat film. For the overexpression of AtPol protein, 1.59 kb full-length cDNA of AtPol was cloned into the BamHISacI sites of the pQE30 bacterial expression vector (Qiagen) and the 6Â His-tagged recombinant AtPol protein was overexpressed in the E. coli M15 (pREP4) (Qiagen) host strain. The recombinant AtPol was purified using Ni 2+ -NTA affinity column chromatography (Qiagen) following the manufacturer's instruction.
Statistical analysis
The ANOVA (Statstica 6.0) software package was used for statistical analysis for comparing the results of germination percentage, extent of accumulation of DNA damage and recovery, and plant fresh weight after UV-B treatment in the wild type, atpol mutants and overexpressor lines. Any statistical probability 0.05 was considered significant.
Supplementary data
Supplementary data are available at PCP online. 
Funding
